Electrical and optical pulsing allow for manipulating the order parameter and magnetoresistance of antiferromagnets, opening novel prospects for digital and analog data storage in spintronic devices. Recent experiments in CuMnAs have demonstrated giant resistive switching signals in single-layer antiferromagnetic films together with analog switching and relaxation characteristics relevant for neuromorphic computing.
surements, which used 50-ms-long writing pulses with current densities of ∼ 10 6 A cm −2 , the relative change in resistance due to the switching was limited to ∼0.1%. 12, 13 have demonstrated switching pulse durations from ms to ∼ 1 ps with corresponding switching current densities increasing from ∼ 10 7 A cm −2 to ∼ 10 9 A cm −2 . Recently, the pulse duration has been reduced to 100 fs by replacing electrical switching with infrared laser pulses 14 . The observed resistive switching signals were independent of the light polarization and could be controlled by the light intensity.
Subsequent studies in CuMnAs
The same study demonstrated that reversible switching signals could also be controlled by the amplitude of the electrical writing pulses without changing the current direction. The resulting resistive switching ratios have approached 20% at room temperature and ∼ 100% at 30 K 14 . These exceed by 2 − 3 orders of magnitude the AMR signals associated with the Néel vector reorientation 8, 9, 15 and, together with the observed optical switching, point to a complementary mechanism for writing information in antiferromagnets.
In this work, we use scanning nitrogen-vacancy centre (NV) magnetometry to investigate the magnetic stray field emanating from antiferromagnetic domain textures during and after relaxation following the injection of current pulses into CuMnAs microdevices. Our study shows that the large resistive changes are correlated with a nano-scale fragmentation of domains induced by the writing current pulses. By imaging the current density distribution in microdevices with a cross geometry, we further show that the current-induced changes of the domain pattern are non-uniform across the devices. Images of the magnetic stray field acquired at varying delay times reveal that the fragmented domain patterns maintain a memory of the pristine state towards which they relax. In polarity-dependent switching experiments we observe a coexistence of fragmentation with a 180 • Néel vector reversal in the domains. Our measurements shed light on the microscopic mechanisms leading to the electrical switching of metallic antiferromagnets and point out directions for future research in the field of antiferromagnetic spintronics.
Imaging an in-plane antiferromagnet with scanning NV magnetometry
We investigate the antiferromagnetic domain pattern of the CuMnAs films by recording their nanoscale magnetic stray field using scanning NV magnetometry 16, 17 . This is a powerful microscopy technique for investigating weak magnetic patterns with high spa-tial resolution, with applications to nanometer-scale magnetism, superconductivity, and the imaging of current distributions 18, 19 . Previous studies have demonstrated magnetic contrast in antiferromagnets with out-of-plane spin alignment such as Cr 2 O 3 (Refs. 20 and 21) and the spin cycloid of multiferroic bismuth ferrite (BiFeO 3 , Ref. 22) . A similar stray field is also expected for in-plane antiferromagnets; to our knowledge, however, such a stray field has not been measured to date. In the following, we demonstrate that scanning NV magnetometry is capable of imaging the magnetic state of in-plane antiferromagnets and we develop a model that relates the magnetic stray field to the structure of the antiferromagnetic domains.
Our samples are 30-nm-and 50-nm-thick CuMnAs films grown by molecular beam epitaxy on a GaP (001) substrate (Methods). Tetragonal CuMnAs films consist of alternating layers with opposite in-plane magnetization. The crystal and magnetic structure of CuMnAs are shown in Fig. 1a . The possible set of domain orientations in these samples is restricted by the magnetic anisotropy: in thinner films (t < 50 nm), the anisotropy tends to be uniaxial with a at that location. Note that the NV centre is sensitive only to the field component parallel to its symmetry axis, which lies at an angle θ = 55 • off the surface normal for our probes (see inset to Fig. 1b ). Using the known vector orientation of the NV center, the full magnetic vector field at the NV centre position can be reconstructed. Figure 1c shows an example magnetic stray field map recorded from a 30 nm-thick CuMnAs film.
To recover the domain pattern and analyze the measurements, we model the antiferromagnet by two thin layers of opposite polarization located at the top and bottom of the film, respectively (Supplementary Section S1). Each layer carries a surface magnetization of m s = nms/V , where n is the number of Mn 2+ ions per polarity per unit cell, m is the magnetic moment per Mn 2+ ion, s = 0.2 nm is the vertical separation between oppositely polarized Mn 2+ ions, and V is the unit cell volume. The total magnetic stray field measured by the NV center is then given by the sum of top and bottom contributions, and dominated by the top layer because of the closer proximity to the probe.
In general, it is not possible to unambiguously reconstruct the magnetization from the magnetic stray field map, as the divergence-free part of the magnetization does not produce a stray field outside of the material 24 . However, a rigorous reconstruction of the domain pattern can be obtained if we assume (i) uniaxial domain orientation with |m s (x, y)| = m s , and (ii) neglect the finite width of the domain walls (see Supplementary Section S2).
Condition (i) can be assumed for thinner samples (t < 50 nm) which have an uniaxial anisotropy 23 , whereas (ii) is an approximation that does not affect the conclusions of our study. The reconstructed domain pattern from Fig. 1c is shown in Fig. 1d . We find that the easy axis is approximately pointing along the [110] (±y) direction. Note that the magnetic field map in Fig. 1c reflects the morphology of the domain pattern shown in Fig. 1d , provided that the spatial sensitivity is comparable to the feature size. Comparison with XMLD-PEEM images 8, 9 reveals similar domain patterns as those observed in Fig. 1d . Additional control measurements and simulations exclude ferromagnetic defects as the origin of the magnetic signals as these give rise to a much larger stray field (see Supplementary Section S3).
Current distribution and switching of CuMnAs microdevices
To investigate the effect of an electric current on the domain pattern, we combine electrical resistance measurements and scanning NV magnetometry. Figure 2 shows the cross-shaped geometry of a patterned CuMnAs device used for electrical pulsing experiments. According to previous XMLD-PEEM studies 8, 9 , cross shaped devices enable 90 • switching of the Néel vector by applying orthogonal current pulses or by flipping the polarity of the pulses. We define the orthogonal current directions P 0 ± and P 1 ± in Fig. 2a , where ± indicates the polarity of the pulse.
In a first step, we image the current density distribution by recording the Oersted field 25 (see Supplementary Section S4). In Fig. 2b we show the current distribution for the current direction P 0 ± . The current density is highest at the corners of the cross, as expected, and presents a granular texture that changes from device to device. Figure 2c shows an analogous current density map recorded for P 1 ± .
The magnetic stray field map in Fig. 2e shows the pristine state of the domain pattern of the 50 nm thick CuMnAs film in the lower corner of the cross (dashed square in Fig. 2b ), before any current pulses are applied. After applying a P 0 + pulse of 56 mA and duration 100 µs, corresponding to an average current density J = 1.58 × 10 7 A cm −2 over the nominal √ 2(50 nm × 5 µm) cross-section of the device, we record a second magnetic stray field map In addition to mapping the stray field and current density, we also record the transverse resistance R xy by sending a readout current along one arm of the cross and measuring the voltage perpendicular to the current flow 4,8 . The readout current amplitude is about fifty times weaker than the writing current and safely below the switching threshold. Electrical measurements performed after P 0 (P 1) pulses show a decrease (increase) of R xy of ∼ 160 mΩ with a characteristic decay time in the tens of seconds ( Fig. 2d ). R xy is recorded for every pixel in the NV images simultaneously with B NV . The time required to acquire a complete B NV (x, y) map is about 3 h. The NV maps, therefore, correspond to a relaxed R xy signal (grey regions in Fig. 2d ). Despite an almost complete relaxation of the R xy signal, a tiny ∼ 5 mΩ difference remains between the relaxed R xy values for P 0 and P 1 pulses even after many hours (inset to Fig. 2d ), corresponding to a resistive switching ratio of less than 0.1% AMR. In the following section we focus on the NV imaging of the antiferromagnetic state corresponding to these initial unrelaxed R xy signals within a few seconds after the writing pulse.
Current-induced domain fragmentation
To probe the domain structure during the initial fast decay of the electrical resistance, corresponding to the grey shaded region in Fig. 3a , we implement a pump-probe scheme that interleaves the data acquisition with electrical current pulsing. We also vary the current density to probe the relaxation after pulses that induce changes of R xy in the mΩ to Ω range, as shown in Fig. 3b . In the pump-probe method, described in Fig. 3c , we apply a writing current pulse before the acquisition of each pixel and measure B NV during the first 4 s right after the pulse. Two scans are recorded at the same time, with their pixels interleaved, one after application of a P 0 + pulse, the other after a P 1 + pulse. In this way we are able to probe the magnetic state averaged over the first 4 s of the relaxation process for both current directions. For these measurements we probe the central region of the cross shaped devices, where approximately the same current density can be expected for P 0 and P 1 pulses. Examples of stray field images acquired in the pump-probe mode for a 30 nm thick CuMnAs film are shown in Figs. 3d-g.
We first focus on writing currents close to the density threshold of the large switching R xy signal. In Fig. 3a we show the time-dependence of R xy after a 100 µs writing pulse of average current density J = 1.89 × 10 7 A cm −2 , which is just above the threshold shown in Fig. 3b .
The first image ( Fig. 3d ) acquired after P 0 + pulses with J = 1.89 × 10 7 A cm −2 shows a stray field pattern very similar to that of the pristine sample, indicating that the current density in the centre of the cross is not sufficient to modify the antiferromagnetic domains in an appreciable way. Upon increasing the current density to J = 1.98 × 10 7 A cm −2 , however, we observe a striking reduction of the amplitude of the magnetic stray field (Fig. 3f ), which we quantify by taking the root mean square of B NV (x, y) over the entire magnetic field map, B rms , see methods. The reduction in B rms is similar for the images acquired after P 0 + and P 1 + pulses (Fig. 3e,f) , indicating that the direction of the writing current does not play a role in this effect.
Once the pulsing stops, the stray field amplitude slowly recover on a time scale of days.
The relaxed image (Fig. 3g ), which is acquired 75 h after applying the last pulse from Fig. 3f , shows that the system maintains a memory of the pristine domain configuration even after a long sequence of excitations. The memory effect is not perfect, as can be seen by comparing the upper left corner of Fig. 3d -g, but pervasive to both the excited and relaxed states.
We now argue that the reduction of the stray field amplitude is caused by a decrease of the average domain size. This behavior can be understood by simulating the stray field 
Correlation between domain fragmentation and resistive readout signal
To gain further insight into the relationship between magnetic domains and electrical resistance, we performed a series of pump probe measurements for only one current polarity as a function of pulse amplitude. Figure 5a plots the transverse resistance R xy as a function of time of a 50-nm-thick CuMnAs device while the current density is stepped up from 1.36 to 1.54 Acm −2 . The measurements are performed in the lower corner of the cross, where the impact of the current is highest (see Fig. 2 ). At each current density step, we record a stray field map using the pump-probe scheme of Fig. 3 and compute B rms . As expected, the resistance signal increases with increasing current density. In addition, we observe that repeated pulsing at one set value of J leads to a further gradual increase of R xy . Figure 5b shows that the increase in resistance is accompanied by a similar reduction in B rms , clearly
showing the correlation between the two effects. The correlation persists after the pulsing stops and the system slowly evolves towards the relaxed state (hours 38-60).
This series of measurements demonstrates that the reduction in B rms does not depend on either the direction or polarity of the current, since it occurs for both orthogonal (Fig. 3) and unidirectional pulses ( We quantify the amplitude of the magnetic stray field pattern by taking the root mean square of B NV (x, y) over the entire magnetic field map 
